Abstract Brittle fracture processes were hypothesized by several researches to cause a damage zone around an underground excavation in sulfate-rich clay rock when the stress exceeds the crack initiation threshold, and may promote swelling by crystal growth in newly formed fractures. In this study, laboratory experiments such as unconfined and confined compression tests with acoustic emission monitoring, and microstructural and mineralogical analyses are used to explain brittle fracture processes in sulfate-rich clay rock from the Gipskeuper formation in Switzerland. This rock type typically shows a heterogeneous rock fabric consisting of distinct clayey layers and stiff heterogeneities such as anhydrite layers, veins or nodules. The study showed that at low deviatoric stress, the failure behavior is dominated by the strength of the clayey matrix where microcracks are initiated. With increasing deviatoric stress or strain, growing microcracks eventually are arrested at anhydrite veins, and cracks develop either aligned with the interface between clayey layers and anhydrite veins, or penetrate anhydrite veins. These cracks often link micro-fractured regions in the specimen. This study also suggest that fracture localization in sulfate-rich clay rocks, which typically show a heterogeneous rock fabric, does not take place in the pre-peak range and renders unstable crack propagation less likely. Sulfate-rich clay rocks typically contain anhydrite veins at various scales. At the scale of a tunnel, anhydrite layers or veins may arrest growing fractures and prevent the disintegration of the rock mass. The rock mass may be damaged when the threshold stress for microcrack initiation is exceeded, thus promoting swelling by crystal growth in extension fractures, but the self-supporting capacity of the rock mass may be maintained rendering the possibility for rapidly propagating instability less likely.
opened as a consequence of stress redistribution (Alonso and Berdugo 2006) , causing volume expansion and invert heaves of up to several decimeters within weeks or months after tunnel excavation (Amstad and Kovari 2001; Steiner 1993) . Kaiser and Kim (2008) , Amann et al. (2010) and Steiner et al. (2010 Steiner et al. ( , 2011 hypothesized that excavation-induced brittle fracturing in sulfate-rich clay rock types may contribute to the creation of preferential flow path for supersaturated groundwater in the tunnel near-field, thus promoting swelling by crystal growth in extension fractures. The hypothesis of brittle fracture formation in this rock type is based on research on fracture processes in hard crystalline and sedimentary rock types under compressive load on both, the laboratory and the tunnel scale. Compression tests on cylindrical specimen showed that brittle rocks fail as a consequence of microcrack initiation, propagation and eventually coalescence when a critical microcrack density is approached (Lockner et al. 1992) . Under unconfined compressive loads, extensional microcracks are initiated at an axial stress of approximately 0.3-0.6 of the unconfined compressive strength UCS ( Fig. 1; after Brace et al. 1966; Hallbauer et al. 1973; Scholz 1968; Martin and Chandler 1994; Fairhurst and Cook 1966; Bieniawski 1967; Lajtai 1974; Tapponier and Brace 1976; Martin 1997) . These microcracks are initially predominantly aligned with the maximum principal stress orientation. Crack initiation at r CI is accompanied by dilatancy, and thus the volumetric strain curve deviates from linearity ( Fig. 1) . At this stage of brittle failure, the microcracks grow in a stable manner (Bieniawski 1967 ). With increasing stress or strain, accumulation of microcracks eventually leads to a volumetric strain reversal ( Fig. 1 ) which is typically between 0.7 and 0.9 times the peak strength (Martin 1997) . The volumetric reversal point is also called the crack damage threshold and defines the onset of unstable crack growth (Bieniawski 1967) . With further increase in axial load, microcracks accumulate, reach a critical crack density, and the specimen ultimately fails by splitting or kinkband-type shear failure at higher confinement.
Brittle failure processes in sulfate-rich clay rocks were not studied in detail so far, and the hypothesis of brittle fracturing as well as the stress magnitudes required to initiate microcracks in sulfate-rich clay rocks is not yet investigated. This experimental study was initiated to investigate the failure behavior of sulfate-rich clay rock under confined and unconfined compression. The study is primarily focused on identifying the stress magnitude at which microcracks initiate, and the influence of factors such as mineralogical composition and heterogeneities that affect both fracture propagation and strength.
Sampling and Testing Methods

Sampling, Specimen Handling and Specimen Preparation
The samples for this study were extracted from six boreholes drilled at the Belchen Drainage Tunnel in Switzerland in October 2011 (Fig. 2) . The 84-mm-diameter cores were drilled with compressed air cooling to obtain highquality specimens for mechanical laboratory tests. All Fig. 1 Stress thresholds of a brittle failing rock under unconfined compression (according to Brace et al. 1966; Hallbauer et al. 1973; Scholz 1968; Martin and Chandler 1994; Fairhurst and Cook 1966; Bieniawski 1967; Lajtai 1974; Tapponier and Brace 1976; Martin 1997) cores taken from double-tube core barrels were hermetically sealed in vacuum-evacuated foil immediately after core extraction and core description. These sealed cores were stored in core boxes and protected against dynamic perturbation during transport utilizing air pillows and foam. The Gipskeuper formation is characterized by an extensive heterogeneity, folding, and physical anisotropy at multiple scales (e.g., mm to m scale). Therefore, cores taken from boreholes in this geological formation show various bedding plane orientations and mineralogical compositions. The mineralogical composition encountered in the cores of the six boreholes ( Fig. 2) spans from almost pure anhydrite/dolomite sections (clay content \5 %) to clay rock sections with clay content up to 50 %. Depending on the mineralogical composition and the orientation of the load axis with respect to the bedding plane or vein/layer orientation, rock mechanical properties may vary widely. Therefore, 34-mm cores were extracted by over-coring (perpendicular) of the 84-mm-diameter cores under dry conditions to obtain four specimen geometries ( Fig. 3): 1. H-Specimens: specimens with a homogeneous rock fabric without distinct clay layers 2. P-specimens: the load axis is oriented approximately parallel to the bedding orientation or the orientation of veins or layers (e.g., within ±5°-10°). 3. Z-specimens: the loading axis is oriented approximately 35°-55°with respect to the bedding plane orientation or the orientation of veins or layers; and 4. F-specimens: specimens where bedding planes, veins or layers are folded. For this specimen type, the load axis has various orientations with respect to the rock fabric.
Note that at the specimen scale, heterogeneities can be continuous (layers) or discontinuous (veins). For unconfined compressive strength, test specimens were selected as to investigate mechanical properties and behavior for the range of rock fabric and mineralogical composition encountered in the boreholes. Almost pure anhydrite/ dolomite specimens with a macroscopic homogeneous rock fabric and specimens with high content of clay and heterogeneous rock fabric were considered as end-members for the strength and failure behavior. Specimen selection for confined compressive strength tests was based on core logging and limited to heterogeneous rock fabric (e.g., specimens with distinct layers of clay rock and stiff heterogeneities). Rock mechanical properties may degrade at shallow depth below the tunnel invert due to unloading, swelling or slaking. Thus, only specimens taken from a depth [2.5 m below the tunnel invert were used for mechanical testing. For the unconfined tests, two specimen diameters were utilized: 84 and 34 mm. For confined tests, only 34-mmdiameter specimens were used. All specimens were cut under dry conditions at the Institute of Geotechnical Engineering at the Swiss Federal Institute of Technology in Zurich using a rigid prismatic specimen holder and an electronically controlled diamond-saw Type DRAMET BS 270. The constant band rotating speed (1,200 m/min), the constant feed rate (4 mm/min) and the thin metal band (0.7 mm) populated with diamonds at both sides of the cutting edge allows for vibrationless cutting and polishing. After cutting, the parallelism of the end faces met the requirements of the ISRM suggested methods (1979) . The environmental exposure time of the specimens was minimized through a rigorous preparation procedure and immediate sealing of the specimens between subsequent preparation steps.
Mineralogical Analyses
Mineralogy of the specimens was determined on randomly oriented powder specimens with X-ray diffraction (XRD) analysis. The samples were crushed with a jaw breaker \0.4 mm and homogenized. X-ray diffraction measurements were made using a Bragg-Brentano diffractometer (Philips PW1820). The powder samples were step-scanned at room temperature from 2 to 75°2Theta (step width 0.02°2Theta, counting time 4 s). The qualitative phase composition was determined with the software DIFFRACplus (BRUKER AXS). The mineral composition of the samples was determined with the Rietveld program AutoQuan (GE SEIFERT).
Thin Section Analyses
Thin sections for this study were prepared from selected specimens either before or after mechanical testing. Prior to thin section preparation, a highly viscous, blue-stained epoxy resin was drawn into the samples under a moderate vacuum. This resin penetrates cracks in the samples and allows for a better identification of cracks under the microscope. All thin sections were prepared under dry conditions.
Unconfined Compressive Strength Testing Procedure
Unconfined compressive strength tests were performed at the rock mechanical laboratory at the Chair of Engineering Geology at the Swiss Federal Institute of Technology in Zurich. A modified 2,000 kN Walter and Bai servohydraulic rock testing device with digital feedback control was utilized. Axial and circumferential strain gages were mounted onto the specimen at half of the specimen height to eliminate the influence of end effects on the strain measurements. Two axial strain gages (Type BD 25/50, DD1) were firmly attached to opposite sides of the specimens. The base length was 50 mm for the 84-mm-diameter specimens and 35 mm for the 34-mm-diameter specimens. The radial strain (e rad ) was calculated from the displacement measured by a single gage (Type 3544-150 M-120 m-ST) attached to a chain wrapped tightly around the specimen. The failure of unconfined or slightly confined brittle solids is commonly associated with the development of axial cracks, and the circumferential displacement as a function of axial load tends to increase disproportionately compared to the axial displacement curve. Thus, for unconfined compression tests in this study, the circumferential displacement rate was utilized as the feedback signal for controlling the load throughout the failure of the specimen. The axial load was increased in such a way to give a constant circumferential displacement rate of 0.05 mm/min. Before testing of the rock specimens, all strain gages and the load cells were calibrated.
Triaxial Testing Procedure
Confined compressive strength tests were performed at the Rock Mechanics Laboratory at the Swiss Federal Institute of Technology in Lausanne. A 2,000 kN Walter and Bai servo-hydraulic rock testing device with digital feedback control was used. The axial displacement was measured with 20-mm HBM LVDT. The axial displacement was used as the controlling feedback signal. The selected rate was 0.001 mm/s. During the test, the volume loss or gain in the Hoek cell was continuously measured with an accuracy of 0.1 cm 3 . The oil-volume changes were utilized to calculate the volumetric strain (e vol,oil ) of the specimen assuming a cylindrical deformation of the specimen.
For this study, four confining stress levels were utilized: 1, 2, 4 and 8 MPa. Prior to deviatoric loading, the axial load and the confining stress were increased simultaneously to establish the pre-defined hydrostatic stress conditions. Deviatoric loading was applied by increasing the axial load as the confining stress was kept constant.
Determination of the Onset of Dilatancy
The onset of dilation in brittle rocks is often associated with micro-cracking and a disproportional increase of the lateral strain with respect to the axial strain. Different methodologies have been developed since the 1960s to establish the onset of dilation based on the stress-strain response or micro-acoustic activity (Brace et al. 1966; Bieniawski 1967; Lajtai 1974; Martin and Chandler 1994; Eberhardt et al. 1998; Nicksiar and Martin 2012) .
For the unconfined compression tests performed in this study, two strain-based methods were utilized, which have been shown to give accurate estimates of the onset of dilatancy (Nicksiar and Martin 2012; Amann et al. 2011a ). The two different strain-based approaches are illustrated in Fig. 4a and b.
Method I: Brace et al. (1966) suggested that the onset of dilation can be established by examining when the stressvolumetric strain curve deviates from its linear portion at low axial stress (Fig. 4a) . Volumetric strain (e vol ) was calculated from the sum of the arithmetic mean of the two axial strains (e axial ) and two times the radial strain (e axial ? 2e radial ).
Method II: Lajtai (1974) applied the same principles as Brace et al. (1966) to the radial strain curve. The onset of dilatancy is taken at the point where the stress-radial strain curve deviates from linearity (Fig. 4b) .
In confined compressive strength tests, the microacoustic activity was examined to establish the onset of micro-cracking as suggested by Eberhardt et al. (1998) and illustrated in Fig. 5a . A Euro Physical Acoustics AE-system was utilized. Two 17-mm diameter broad-band piezoelectric sensors (Type Euro Physical Acoustics WSa) with the sensitivity between 10 and 1,000 kHz were firmly affixed on the triaxial cell. Amplification was achieved in two stages: The first was a pre-amplifier stage with a 30-dB gain. Before the signal enters the transient recorder, a second stage of amplification was applied with a 40-dB gain. Recording of the data was triggered when the signal amplitude exceeded a pre-defined amplitude threshold.
In addition to the micro-acoustic activity, the oil-volume gain and loss from the Hoek cell during deviatoric loading was used to define the onset of dilation according to the method suggested by Brace et al. (1966) (Fig. 5b) . It was assumed that, due to the short-test duration, temperature variations in the laboratory do not have a significant effect on the volume strain. The data show considerable scatter (Fig. 5b) . Thus, only test results with a high signal-to-noise ratio were analyzed. Methodology for determining the crack initiation threshold in unconfined compression tests by examining a the volumetric strain response according to Brace et al. (1966) and b the radial strain response according to Lajtai (1974) . The dashed lines represent the linear trend 
Unconfined Compressive Strength Tests
Unconfined Compressive Strength and Crack Initiation Stress
The results for unconfined compressive strength values (UCS), elastic properties (Young's modulus E and Poisson's value t), and the axial stress at the onset of dilation (e.g., crack initiation threshold r CI ) are summarized in Table 1 . Table 2 summarizes the results of the XRD analyses obtained from the specimens. The unconfined compressive strength ranges from 5.6 to 151 MPa. Values at the lower strength limit were obtained from specimens that failed through the clay matrix. The upper strength limit was obtained from H-specimens containing up to 84 % of anhydrite, and a macroscopically homogeneous rock fabric. The Young's modulus taken from the axial strain curves at low axial stresses (e.g., axial stresses below r CI ) ranges from 2.8 to 85.7 GPa. The Poisson's ratios taken from the radial strain curve at low axial stresses range from 0.06 to 0.21. Figure 6 shows the relationship between UCS and r CI .
For the range of unconfined compressive strength values between 5.6 and 65 MPa, r CI increases with increasing UCS at a rate of about 3:10 (trend line is shown in Fig. 6 ). In this range of UCS, the axial stress at crack initiation varies between 4 and 13 MPa. In the range of UCS between 65 and 75 MPa, the crack initiation stress r CI increases substantially, and beyond this UCS range (H-specimens) r CI seems to again increase at a rate of 3:10 (even though data are limited in this range; dashed trend line is shown in Fig. 6 ).
Relationship between Mineralogical Composition and r CI and UCS
The mineralogical analyses presented in Table 2 show that the mineralogical composition of the test specimens is dominated by the mass fractions of anhydrite, dolomite and clay minerals (i.e., the sum of the mass fractions of smectite, illite, and chloride). With decreasing clay content, the content of anhydrite and/or Dolomite increases. The latter minerals typically form discrete layers, veins or nodules on the mm-to cm-scale in the clayey matrix. Changing mass fractions of clay minerals are related to the total amount of anhydrite or Dolomite in the specimen and Z Z-specimen, P P-specimen, F F-specimen, H specimen with a macroscopic homogeneous rock fabric, D specimen diameter, E Young's modulus, t Poisson's value, UCS unconfined compressive strength, r CI (I) crack initiation determined according to Brace et al. (1966) , r CI (II) crack initiation determined according to Lajtai (1974) a H specimens with a homogeneous rock fabric without distinct clay layers were used to show the influence of mineralogical composition on UCS and r CI as shown in Fig. 7a and b. Depending on the mass fraction of clay minerals, two distinctly different domains were identified ( Fig. 7) : a Domain I, where the clay content is \7 to 10 %, and a Domain II, where the clay content is greater. When the clay content exceeds 7-10 % (Domain II), r CI shows little scatter and is almost constant at 7 MPa (Fig. 7a ). In the same domain, the unconfined compressive strength tends to decrease from approximately 20-5 MPa with increasing clay content (Fig. 7b) . The data also suggest that the specimen geometry is of minor relevance for both the unconfined compressive strength and crack initiation threshold when the clay content is [20 % (Fig. 3) .
For a clay mineral content \7-10 % (Domain I), both UCS and r CI increase substantially with decreasing clay content (Fig. 7a, b) , thus increasing anhydrite and Dolomite content. In Domain I, the UCS and r CI decrease in an almost linear manner, even though the scatter is high at the transition between the two domains.
Influence of Microstructural Variations and Rock
Fabric on r CI and UCS
A series of thin sections obtained from representative specimens utilized for unconfined compressive strength tests was analyzed to investigate variations in r CI and UCS associated with microstructural and mineralogical Ah anhydrite, Gy gypsum, Ba bassanite, Do dolomite, Q quartz, Mg magnesite, CM clay minerals (e.g., sum of smectite, illite, chlorite)
Unconfined compressive strength in relation to the axial stress at the onset of dilation (crack initiation stress); I: determined from the volumetric strain response according to Brace et al. (1966) ; II: determined from the radial strain response according to Lajtai (1974) Crack Initiation and Crack Propagation 1855 variations of the clayey matrix. Thin sections in Fig. 8a and b are representative for specimen in Domain II, and the transition zone between Domains I and II. Macroscopically, the fabric of these specimens is characterized by distinct heterogeneities within a (macroscopically) homogeneous clayey matrix. Heterogeneities such as layers, veins or nodules on the mm-to cm-scale are typically made up of polycrystalline anhydrite. The microscopic analyses of the clayey matrix revealed, however, distinct differences in the microstructure and mineralogical composition of the clayey matrix. The dark gray to almost black clayey matrix in Fig. 8a and b predominately consists of clay minerals with spatially distributed fine-grained anhydrite nodules or veins (white) on the sub-mm scale. The light gray matrix type in Fig. 8a and b is made of fine-grained clay and homogeneously distributed fine-grained anhydrite minerals Fig. 7 Relationships between total content of clay minerals and a crack initiation stress (r CI ), and b unconfined compressive strength (UCS); Z-specimens are shown with double circle. The crack initiation data shown in a were determined according to Method I (Brace et al. 1966 ) Fig. 8 Results of the thin section analyses. The thin sections in a and b were prepared from specimens before mechanical testing. The thin sections in c and d were prepared from specimens after mechanical testing (unconfined compression tests). The specimens are representative for Domain II and the transition between Domain I and II (Fig. 7) . The load axis is indicated by arrows. Ah Anhydrite, CL Clayey matrix, crack* crack which penetrates Anhydrite veins or anhydriterich zone. CL-1 and CL-2 indicate microstructural and mineralogical variations in the clayey matrix. CL-2 is characterized by continuous distributed anhydrite; the anhydrite content is therefore higher than in CL-1
(called anhydrite-rich matrix). In general, the anhydrite content and distribution in the clayey matrix vary, and different matrix types usually co-exist in one specimen. Klinkenberg et al. (2009) reported similar observations for other rock types. They analyzed the influence of the microstructure and mineralogical composition on the strength of Tournemire Shale, and showed that carbonate was homogeneously distributed in the clayey matrix. With increasing carbonate content, the strength of this shale increased. Klinkenberg et al. (2009) concluded that the increase in strength of the shale is associated with an increasing strength of the clayey matrix when the carbonate content increases. Based on these observations and the findings of Klinkenberg et al. (2009) , it is suggested here that variations in the magnitude of r CI are related to microstructural and mineralogical differences of the clayey matrix. In Domain II, a little scatter in r CI indicates that the differential stress required to initiate microcracks is almost constant. The increase of r CI in Domain I is interpreted to be related to an increasing anhydrite content within the clayey matrix and thus strength of the clayey matrix. The occurrence of different clayey matrix types and the transition to clayey matrix types with increasing anhydrite content in Domain I might also explain the variability in r CI in the transition zone between Domains I and II. Specimens which contain a few zones with lower strength clayey matrix sandwiched between a predominately higher strength clayey matrix (anhydrite-rich matrix) can show a low r CI value, although the total content of anhydrite is relatively high.
A general increase in matrix strength with increasing anhydrite content (and decreasing clay content) might also explain the increase in UCS in Domain I.
As outlined in the previous section, r CI of specimens with an unconfined compressive strength larger than approximately 75 MPa (H-specimens) increases slightly at a rate of 3:10 (Fig. 6) . These specimens show a substantially different fabric compared to specimens in Domain II and the transition zone. Distinct layers of clay rock cannot be found and the specimens appear macroscopically homogeneous (Fig. 9) ; though, the mineralogical analyses revealed clay content up to 5 % ( Table 2) . The stress at the onset of dilation for these specimens therefore represents a threshold of an almost homogeneous anhydrite rather than a property which represents the strength or strength variability of a clayey matrix.
Failure Process Observed During Unconfined Compression Tests
The analysis of the failure processes is based on a series of thin sections prepared after mechanical perturbation. Only specimens exceeding 5 % clay mineral content and a strength \80 MPa were utilized. As mentioned above, these specimens show a fabric which is characterized by a clayey matrix with distinct heterogeneities (e.g., layers) on the mm-to cm-scale. This rock fabric is representative for the conditions encountered in the six boreholes (Fig. 10) . Note that also a series of thin sections was prepared before mechanical loading. These thin sections showed no microcracks, which indicate that the observed microcracks are solely associated with deviatoric loading in the laboratory. Figure 8c and d shows typical thin sections with several microcracks in the clayey matrix. The microcracks are often oriented sub-parallel to the principal load direction (as indicated by arrows in Fig. 8c, d) and tend to open normal to the plane of the cracks. It was also observed, for example in Fig. 8c , that the orientation of microcracks is variable and often oblique to the loading axis, probably due to microstructural or mineralogical variations (e.g., preferred orientation of clay minerals or distribution and mass fraction of fine-grained anhydrite). As shown in Fig. 8c and d, microcracks get arrested at the interface between clay rock and heterogeneities such as anhydrite layers, veins or nodules. Figure 8c and d also shows microcracks alongside the interface between the clay matrix and the heterogeneity (called interface cracks). Interface cracks typically form alongside the anhydrite veins or nodules (Fig. 8d) or, as shown in Fig. 8c , alongside the anhydrite-rich clayey matrix zones. The latter observation supports that the anhydrite-rich clayey matrix has a higher strength and stiffness than the clay-rich matrix. The analyses of several thin sections revealed that the majority of the observed microcracks are distributed in the clayey matrix or follow an interface between the clayey matrix and heterogeneities. Interface cracks often link with micro-cracked clay layer. Microcracks may also penetrate stiff heterogeneities such as anhydrite as shown in Fig. 8c and d. Such microcracks typically link micro-fractured clayey layers where the fabric of the rock prevents linking through interface cracks, or when a clay nodule is surrounded by anhydrite. Since heterogeneities are typically stiffer and stronger than the clayey matrix, it is assumed that microcracks penetrating stiff heterogeneities may have formed at higher axial stress levels than interface cracks. As mentioned above, microcracks in the clayey matrix often tend to open normal to the principal load direction. Under laterally unconfined conditions, this process is associated with an increase in the radial strain. Figure 11 shows the relationship between the axial and the radial strain in the pre-failure region for a typical, heterogeneous specimen as the axial stress is increased. At low axial strain, the curve corresponds to an elastic response, following the Poisson's effect. However, with increasing axial strain, at about 0.04 % in this case, the radial strain increases disproportionately to the axial strain, indicating an ever increasing growth of extensional axial cracks. This disproportional increase often leads to an extensional macroscopic fracture (defined as fractures with a length on the cm-scale which are visible by naked eye) aligned with the maximum principal stress axis. Under laterally unconfined conditions, such macroscopic axial fractures are usually visible in brittle rock types when the axial stress exceeds the crack damage threshold where a critical crack density is reached ( Fig. 1; Bieniawski 1967; Martin 1997 ). However, it was observed in this study that, for heterogeneous sulfate-rich rocks, the majority of specimens do not show macroscopic cracks prior to or at failure (peak strength). Some specimens did not show macroscopic fractures even after intense postfailure straining (to as much as -0.5 % radial strain). Only specimens with a homogeneous fabric (clay content \5 %; Fig. 9 ) showed macroscopic cracks prior to failure. This observation, together with the observations from microscopic investigation, suggests that microcracks forming under unconfined compression in heterogeneous specimens do not localize or form a macroscopic fracture prior to failure. This process is most probably controlled by the quantity, orientation and distribution of anhydrite veins which tend to arrest growing microcracks. Unstable crack growth in the pre-failure range, as typically observed in other brittle rock types (Bieniawski 1967; Martin 1997) , may therefore be less probable in specimens with a Fig. 10 Typical appearance of the Gipskeuper formation encountered in the six boreholes (location shown in Fig. 2 ). The left figure shows a section of the unwrapped optical televiewer image obtained in BH 4. The right figure shows the geological model Fig. 11 Ratio between axial strain and radial strain typically observed in the pre-failure range during unconfined compression tests (specimen no. B3 318 is shown here) on specimens with a heterogeneous rock fabric (Domain II, and transition between Domains I and II) heterogeneous rock fabric with considerable stiffness or strength heterogeneities.
The heterogeneous rock fabric and microstructure may also explain the sudden, distinct stress drops observed at different axial stress levels (Fig. 12b) . Note that a constant circumferential displacement rate was utilized as the controlling feedback signal for these unconfined compression tests. Therefore, stress drops are associated with the tendency of a sudden increase of the circumferential displacement rate as a consequence of microcrack initiation or propagation. Figure 12 shows the stress-strain behavior representative for specimens in Domain I and the transition zone between Domain I and II (Fig. 7) . Specimens in Domain I, with no discrete clay layers (H-specimen), do not show considerable stress drops, whereas specimen in the transition zone (and in Domain II) characterized by a rock fabric consisting of distinct layers of clay rock with stiff heterogeneities, exhibited several considerable stress drops of various magnitudes in the pre-peak and post-peak region (Fig. 12b) . As outlined in the previous section, different clay matrix types co-exist in a specimen. Each stress drop is interpreted as an indication of cracking of spatially distributed clayey matrix zones with different strength properties. In addition to the variability in the strength of the clayey matrix, it is reasonable to assume that the heterogeneous rock fabric creates stress and strain heterogeneities. As a consequence, the stress or strain threshold required to initiate microcracks is eventually exceeded locally while other regions of the specimens still respond elastically to loading. Stiff heterogeneities may also experience less straining compared to clay layers were micro-fracturing is initiated at lower stress levels. The resulting strain differential can induce shear or tensile stresses at the interfaces, and ultimately lead to the formation of interface cracks as shown in Fig. 8 . Sudden stress drops at higher stress levels could also be related to cracking of stiff heterogeneities or interface cracks. In the post-peak range, these stress drops are often considerably larger as shown in Fig. 12b . It is assumed that the majority of these stress drops are associated with s penetrating anhydrite veins or the formation of larger interface cracks.
In this study, the axial strain obtained from heterogeneous specimens (Domain I and transition zone between Domains I and II) typically deviated from linearity at axial stresses below the crack damage threshold but above r CI as illustrated in Fig. 12b . The axial strain for a typical brittle rock is, however, linear until the threshold stress for unstable crack growth at r CD (coalescence of distributed microcracks) is reached ( Fig. 1; Bieniawski 1967) . This is because the majority of distributed microcracks are true Mode I cracks that grow sub-parallel with the maximum far-field stress, and thus should not affect the axial strain as they form during the initial brittle damage phase (Bieniawski 1967) . A deviation of the stress-axial strain curve from linearity at stress levels below r CD (but above r CI ) was reported by Eberhardt et al. (1998) for laterally unconfined tests on Lac du Bonnet Granite. They suggested that prior to the onset of unstable crack growth at r CD , coalescence of individual cracks occurred involving some microcrack growth at oblique angles to the loading direction, accompanied by some shearing. As shown in the previous section, interface cracks are often oblique to the principal load direction and eventually link micro-fractured clay layers in the specimen. Thus, the deviation from Fig. 12 Stress-strain response typical for specimen with a homogeneous rock fabric (Domain I) and b heterogeneous rock fabric with distinct clay layers and stiff heterogeneities (Domain II, and transition between Domain I and II) linearity of the axial strain curve is interpreted as indicating the formation of inclined fractures in the specimen similar to those shown in Fig. 8c , and the activation of shearing on oblique cracks.
From the discussion above it is evident that for specimens with a heterogeneous rock fabric the likelihood for growing microcracks to arrest at anhydrite veins is associated with their total amount, orientation and distribution. At high clay content (and with low density of anhydrite veins) the possibility to form a macroscopic fracture is higher compared to a specimen with a high density of anhydrite veins. With increasing density of anhydrite veins, therefore, individual cracks or micro-fractured zones cannot coalescence at low axial loads, and fractures ultimately have to propagate through heterogeneities. This may explain the increase in peak strength with decreasing clay content or increasing mass fraction of anhydrite. Thus, specimens with a weak clayey matrix but a high content of stiff heterogeneities may show a low crack initiation stress but a high strength due to a high density of anhydrite veins.
Confined Compressive Strength Tests
Confined (triaxial) compressive strength tests were performed on specimens with a heterogeneous fabric (i.e., fabric with distinct layers of clay rock and stiff heterogeneities). The results obtained from 15 triaxial tests are summarized in Table 3 . The results of the mineralogical analyses of the specimens are listed in Table 4 . The clay content for these triaxial specimen ranges between 6.7 and 33.8 %, and thus the specimens belong to Domain II and the transition between Domain I and II (Fig. 7) . Figure 13 shows the onset of micro-cracking (dilation) at r CI under triaxial compression in a principal stress (Fig. 13a ) and differential stress diagram (Fig. 13b) . Both, crack initiation obtained from micro-acoustic emission monitoring and the volumetric strain response are shown. It can be seen that with increasing confining stress the axial stress at r CI tends to slightly increase with a slope of 1.15. The differential stress at r CI is, however, almost independent of the confinement ( Fig. 13b ; slope of 0.15), and ranges between 4 and 8 MPa. Furthermore, the differential stress at crack initiation obtained from Z-specimens (six out of 15 specimens; Table 1 ) is approximately equal to crack initiation stress values obtained from P-and F-Specimens suggesting that the load direction in respect to the bedding plane orientation is of minor relevance when the clay content exceeds 7 %. The differential stress required to initiate microcracks is consistent with r CI values obtained from unconfined compression test on specimens with a clay content exceeding 7-10 % for which r CI ranges between 4 and 13 MPa.
Onset of Dilation in Confined Compression Tests
The independency of the differential stress at r CI from the confining stress suggests that friction is not or only Z Z-specimen, P P-specimen, F F-specimen, D specimen diameter, E Young's Modulus, t Poisson's value, r 3 confining stress, r 1 , peak peak strength, r CI,AE axial stress at crack initiation obtained from acoustic emission monitoring, r CI,vol axial stress at crack initiation obtained from volumetric strain response according to Brace et al. (1966) a P-specimens with discontinuous stiff layers marginally mobilized at this stage of rock fracturing process. A linear least-square regression analyses revealed a friction angle of only 4°. Similar findings have been obtained by Amann et al. (2011b) from triaxial compressive strength tests on over-consolidated clay rock (Opalinus Clay). They showed that the differential stress at the onset of dilation was independent of confinement which suggests that no friction is mobilized at the crack initiation stage of the brittle failure process.
Failure Processes During Confined Compressive Loading
Acoustic emission data recorded during several triaxial tests revealed a step-wise increase in acoustic emission counts with increasing differential stress, rather than a continuous increase as typically observed on other brittle rock types (Eberhardt et al. 1998; Mogi 1962) . This is illustrated by Fig. 14 showing at least five steps and plateaus at different differential stress levels. The reasons for the step-wise increase in acoustic emissions with increasing differential loading are interpreted as being related to the same reasons described earlier when discussing the observed stress drops in the pre-peak region of unconfined compression tests. Variations in the strength of the clayey matrix due to mineralogical or microstructural variations, and stress or strain heterogeneities are seen as the cause for local clay matrix cracking or failure.
However, major stress drops in the pre-peak region were rarely observed in the stress-strain response obtained from triaxial tests ( Fig. 15 ; two of the three cases show a distinct stress drop in the pre-failure region). In addition, the majority of stress drops observed during triaxial compression tests occurred when the confining stress was low (e.g., B2 MPa confinement). At higher confining stresses stress drops were rarely observed for tests on F-and P-specimens (e.g., specimen B 3 455; Fig. 15 ), but systematically on Z-specimens. The difference in stress drop frequency in the pre-failure range between unconfined and confined compression tests is most likely associated with the different types of loading used. Confined test were run with constant axial displacement rate, and the axial load increased steadily throughout the loading. In contrast, unconfined tests were run with constant circumferential displacement rate. For the latter, distinct stress drops are associated with the tendency of sudden changes in radial displacement due to the growth of extensional axial microcracks. This suggests that stress drops observed in unconfined compression tests are predominately associated with extensional fractures which are aligned with the principal load axis. Stress drops during axial displacement-controlled triaxial tests might indicate the formation or activation of shearing along oblique fractures as discussed in the previous section.
Failure Envelope
The analyses of unconfined compressive strength data showed that the rock strength primarily depends on the mass fraction of clay minerals and the distribution and orientation of anhydrite veins. For clay content [20 %, the specimen geometry is of minor relevance in terms of strength. Specimens utilized for triaxial tests covered clay mineral content between 6.7 and 33.8 %, and the peak strength values, as illustrated in Fig. 16 , consequently show considerable scatter. Depending on the mineralogical composition and failure mechanism (i.e., with failure predominantly through the clayey matrix), three groups with similar mineralogical composition, strength and failure characteristics could be identified (Fig. 16) . For the first group (Group I), results obtained from Z-specimen are combined with results from specimens with a clay content [20 %, where specimen failure is controlled by the clayey matrix. Results from unconfined compressive strength tests on specimens which failed along a discrete bedding plane without involving intact rock fracturing showed exceptional low strength and were not considered. Specimens in the second group (Group II) are characterized by clay content between 8.5 and 11.5 % and folded (F-specimen) or discontinuous layers of stiff heterogeneities oriented parallel to the loading axis (P-Specimen with discontinuous stiff heterogeneities). Specimens in the third group (Group III) have clay content between 6.7 and 9.5 % and continuous anhydrite layers oriented parallel to the load axis (P-specimen).
The data points shown in Fig. 16 suggest that the peak strength cannot adequately be described by a linear failure envelope. A bilinear envelope was used to account for the rapid strength gain at lower confining stress. The amount of data obtained in this study is insufficient to establish a peak failure envelope for the three groups by statistical means. However, a peak strength failure envelope was established for the three groups by assuming that the friction angle (or slope in the principal stress diagram) of all specimen groups is the same in the lower and the higher confining stress range. Data obtained from Z-specimens and specimens with high clay content at a confining stress range [1 MPa were used to estimate the friction angle for the higher confining stresses by least-square linear regression. The friction angle obtained is 33°. The effective friction angle (friction plus dilation angle) for lower confining stresses was established from Group II and Group III and revealed a consistent value of 68°(interpreted as 33°f riction angle plus 35°dilation angle). Figure 16 shows the three bilinear failure envelopes for the three specimen types, assuming that the friction at high confinement (beyond the spalling limit r 1 /r 3 = 60) is the same for all specimens groups.
Practical Implications for Tunelling
The rock mass strength in the low-confinement zone around tunnels in massive to moderately jointed brittle rock is often substantially lower than that predicted from laboratory tests (Martin 1997; Diederichs 2003) . It has been shown that the stress required to initiate macroscopic fractures in this low-confinement zone is approximately equal to the crack initiation threshold obtained from compressive strength tests (Martin 1997; Diederichs 2003) . In other words, slight stress increases beyond the crack initiation threshold can lead to spalling. However, sulfaterich clay rocks contain stiff heterogeneities at various scales (Figs. 8, 10 ). For example, in folded and layered Gipskeuper formations, several distinct layers, predominately made of anhydrite, may be encountered. The thickness of these layers is typically on the centimeter to decimeter scale, and the majority of the rock mass consists of a sequence of clay rock with varying clay content, and spatially distributed veins or nodules (predominantly anhydrite) with a thickness on the mm-scale. The experimental findings from this study suggest that crack initiation in this heterogeneous rock type may not be synonymous with crack propagation leading to spalling and rock mass disintegration, because stiff heterogeneities may arrest propagating fractures and thus prevent rock mass disintegration. As a consequence, the self-supporting capacity of the damaged rock mass may be maintained, rendering instability problems such as raveling less likely.
Furthermore, as suggested by Alonso and Berdugo (2006) , fissures and cracks in a damage zone around a tunnel may promote swelling by crystal growth when sulfate-rich groundwater approaches and becomes supersaturated. The analysis on sulfate-rich clay rocks in this study shows that micro-fracturing may occur around tunnels at low differential stress levels, which might increase the potential for gypsum precipitation.
Conclusion
A series of unconfined and confined compression tests with acoustic emission monitoring was used in combination Fig. 16 Peak strength data obtained from unconfined and confined compression tests with mineralogical and microstructural analyses to investigate the failure behavior of sulfate-rich clay rocks. This study of rock specimens obtained from the Belchen Drainage Tunnel in Switzerland suggests that microcracks in the clayey matrix are first initiated at a differential stress ranging between 4 and 13 MPa. For specimens with a clay content [7 %, the differential stress at crack initiation is independent of the specimen geometry and the confining stress. Microstructural and mineralogical variations are seen as the primary cause of strength and stiffness variations in the clayey matrix. Upon compressive loading, these heterogeneities may cause stress or strain heterogeneities and, as a consequence, localized failure processes at different strain or stress levels. This is supported by sudden stress drops systematically observed in the stress-strain response obtained from unconfined compression tests, and the step-wise increase in acoustic emission counts during confined compression tests.
At the specimen scale, it was shown that microcracks are initiated at low differential stresses, but crack propagation is often hindered by anhydrite veins. These veins may prevent unstable crack growth. Depending on the orientation, distribution and mass fraction of stiff heterogeneities, specimen failure requires high stresses or strains to link micro-fractured region either by interface cracks or by cracks which penetrate anhydrite veins.
The crack initiation threshold which occurs at low deviatoric stresses is therefore a property of the clayey matrix, while the strength of the specimen primarily depends on the fabric (e.g., amount, orientation and distribution of stiff heterogeneities). The inferred ratio between crack initiation stress and peak stress, as typically used to quantify the onset of the failure process of brittle rock types, is therefore misleading for this type of rock. This is due to the fact that the peak strength of a specimen with a high anhydrite vein density can be relatively high, while the strength of the clayey matrix is exceeded at low stresses.
Sulfate-rich clay rocks typically contain anhydrite veins at various scales. At the scale of a tunnel, anhydrite layers or veins may arrest growing fractures and prevent the disintegration of the rock mass. The rock mass may be damaged when the threshold stress for microcrack initiation is exceeded, but the self-supporting capacity of the rock mass may be maintained rendering the possibility for rapidly propagating instability less likely.
